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Abstract

Pneumatic hydroplaning has been identified as one of the major causes of wet weather
traffic accidents. Therefore, knowledge of potential hydroplaning speeds is crucial in designing
roadways to reduce crash risks. It has been shown that the tire inflation pressure is the predominant
factor affecting the hydroplaning speed while factors such as the water film thickness also
contribute heavily to this phenomenon. Extensive research has been directed at the development
of accurate models to predict the effects of vehicle characteristics, pavement conditions and water
film thickness on hydroplaning. Current literature does not indicate any studies directed at
understanding the effects of hydrodynamics on this phenomenon.
This research aims to study the hydrodynamic aspects of hydroplaning particularly with
respect to the turbulent water flow conditions near the tire contact patch, using a computationally
economical model. A numerical model has been formulated using ANSYS FLUENT for the
simulation of a smooth tire sliding over a flooded pavement using the finite volume method. The
current study adopts a generalized methodology that does not need a starting tire load and an
inflation pressure, which essentially simplifies the complexity of the model. Alternative turbulence
models in ANSYS FLUENT have been used in the simulation process and model performances
have been compared to identify which conditions and solution methods would yield a better
numerical accuracy. The model verification has been done with respect to the well-known National
Aeronautics and Space Administration (NASA) equation which had been developed using the
experimental findings involving trucks at Virginia’s NASA Langley research facility. The
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predictions of the developed model was also compared with those of the existing empirical and
numerical models for a range of water film thicknesses. In addition, the model behavior under
changing loads has also been investigated. From the theoretical analysis performed it was
concluded that the accurate representation of hydrodynamics underneath the tire is crucial for
numerically predicting the correct lift force on the tire. Furthermore, it was revealed that modeling
of turbulence in flow is essential to obtain a better agreement with experimental results.
Additionally, it was shown that changing the tire load has only a minor effect on the hydroplaning
speed. Furthermore, streamlines of water flow and the pressure contours underneath and on sides
of the tire obtained from the simulation illustrated the hydroplaning scenario reasonably clearly.
Streamlines and pressure contours were verified by implementing a global conservation statement.
Overall, it was found that a sufficiently accurate numerical model which is also computationally
less expensive can be formulated by considering appropriate hydrodynamics of the water flow in
the tire patch area.
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Chapter 1 Introduction

1.1 Hydroplaning Phenomenon
Wet weather road accidents are crashes caused under adverse weather conditions such as
rain, snow, high winds or blowing debris. Under rain or snow, the reduction of friction between
the tire and the pavement surface can cause the vehicle to stop responding to driver’s control
inputs. According to National Highway Traffic Safety Administration crash statistics over the
period of 2007-2016, it was found that an annual average of over 1.2 million crashes are weather
related. It was also observed that when all wet-weather crash statistics are expressed as 10-year
percentage averages, wet pavement and rain accounted for 70 percent and 46 percent respectively
while for ice, snow and slush the percentages were only 13, 18 and 16.
The phenomenon known as hydroplaning or aquaplaning may occur with the aforesaid wet
pavement and rainfall conditions which, as statistically detailed above, causes the highest annual
crashes, injuries, and fatalities. Hydroplaning takes place when the hydrodynamic uplift pressure
created by water or a lubricant on the road overcomes the weight of the tire. As a result of the
upward lift, the tire may lose contact with the pavement. When water gets penetrated into the entire
contact patch area, pavement traction is lost completely, and the tire is said to be totally
hydroplaning. If water gets in between the tire and pavement within a limited area of the contact
patch and traction capability is still weakly present, then the tire is said to be partially hydroplaning.
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Hydroplaning can be classified into three types according to the physical mechanisms that
produce it. They are (1) dynamic hydroplaning, (2) viscous hydroplaning, and (3) reverted-rubber
hydroplaning.
1.1.1 Dynamic Hydroplaning
This is the most frequent form of hydroplaning. The water film thickness should at least be
2.54 mm for dynamic hydroplaning to occur. In other words, for this condition to exist, the amount
of water encountered by the tire must exceed the combined drainage capacity of the tread pattern
and the pavement macrotexture [1]. Thus, when one drives over a flooded pavement at a relatively
high velocity, the tires become unable to displace water that fast and hence occurrence of this
phenomenon is possible. Therefore, vehicle velocity plays an important role in dynamic
hydroplaning. At a rather high velocity, due to the hydrodynamic force developed by the fluid
layer, tire surface would eventually buckle. This would increase the tire-pavement contact area
than before. Frequently, dynamic hydroplaning is simply referred as hydroplaning.

Figure 1.1 Dynamic hydroplaning
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It has been observed that when a tire rolls in deep water, the water that is in the tire
pavement contact area is displaced by means of forward and lateral spray [2]. This results in the
formation of a wedge at the front of the tire where stagnated water causes a considerable
hydrodynamic uplift pressure. With increasing vehicle speed, the hydrodynamic pressure keeps
increasing too, making a part of the contact region to get supported by the water film. This occurs
when the developing pressure exceeds the vehicle tire pressure. With further increasing speed,
eventually the entire tire contact region gets supported by the water layer and total hydroplaning
occurs. It has been noticed that at this instance, a substantial water flow is developed at the back
of the contact area while the forward spray almost disappears.
1.1.2 Viscous Hydroplaning
This type of hydroplaning occurs on pavements with very low microtexture. A material’s
crystallographic parameters and other aspects such as the crystal orientation is known as
microtexture. This manifests on the pavement due to the aggregate type used such as sand or
gravel. The maximum limit of pavement microtexture is considered to be 0.5 mm. Due to repeated
traffic applications, the pavement surface can become polished gradually. In such a circumstance,
when a pavement gets even slightly wet, it becomes unable to break down the water film. When
asperities cannot penetrate the water film, viscous hydroplaning occurs. This can even occur at a
much lower speed than in dynamic hydroplaning, on a sufficiently smooth surface. A thin film of
fluid of either water, oil or other contaminant no more than 0.0254 mm is enough for this form of
hydroplaning to occur.
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Figure 1.2 Viscous hydroplaning

1.1.3 Rubber Reverted Hydroplaning
This phenomenon occurs in large truck tires or aircraft tires. Rubber reverted hydroplaning
cannot be seen in regular highway vehicles with tire inflation pressures less than 160 KPa. When
large vehicles apply brakes over a relatively long duration, the wheels can get locked. In such a
circumstance, even with a very thin layer of water present on the road, the tread rubber starts to
revert and melt while sliding under friction developed between the tire and pavement. The melting
rubber seals the tire tread and pavement asperities, making the trapped water under the tire unable
to escape easily. Alternatively, water gets heated up quickly and converts into steam. This helps
in creating the lift needed for the tire to lift off the road. Since this is relatively common in aircraft
tires, the pilots should apply moderate braking as opposed to heavy braking and allow the wheels
to spin up so that they would not get locked and initiate the phenomenon of rubber reverted
hydroplaning.
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Figure 1.3 Rubber Reverted Hydroplaning

In general, hydroplaning can occur due to a variety of factors. They can be mainly
categorized into environmental factors, road condition, vehicle characteristics and operator
behavior. The rainfall intensity is the major external contributing factor for hydroplaning. Vehicle
characteristics include the type and weight, and specially the tire inflation pressure and treading.
Pavement surface type, macrotexture and permeability of the pavement are the significant factors
under road conditions. Additionally, the operators’ braking and speeding determine when and how
hydroplaning would occur. In this study, the variation of hydroplaning speeds with respect to a
number of selected parameters are investigated.
A common misconception is that under-inflated tires would reduce the risk of
hydroplaning. Under-inflated tires have less pressure to push the vehicle down the road. Due to
this reduced pressure, the contact requirement between tire and road is not properly met and hence
the required traction may not develop. Over-inflated tires are also not preferable in terms of
avoiding hydroplaning. When the tire is more pressurized than the recommended level, it becomes
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stiffer and it would maintain a significantly reduced contact area with the pavement leading to a
reduced grip on the road.

(a)
(b)
(c)
Figure 1.4 (a) Correctly inflated (b) under-inflated and (c) over-inflated

1.2 Motivations and Objectives
Extensive research has been carried out in the area of hydroplaning, recognizing critical
parameters to ensure highway safety and incorporating the reported results in designing highways.
In previous research, mostly the pavement and tire parameters have been prioritized when
developing numerical models and the laminar flow assumption has been retained in the fluid flow
sub model. However, in reality, the flow associated with hydroplaning is largely turbulent in nature
[3] Considering this more realistic flow behavior, studies related to turbulent hydroplaning
scenario have also been conducted since 1970’s to date ( [4] [1] [5] [6]).
The importance of considering the appropriate hydrodynamics governing the hydroplaning
phenomenon would be explored in the present study. It will also be investigated whether
consideration of relevant hydrodynamics would be sufficient to develop a numerical model with a
reasonable accuracy. Therefore, the proposed study involves the goal of developing a
computationally less expensive model devoid of structual (tire) coupling and with specific focus
on fluid hydrodynamics.
In a turbulent flow, large eddies form continuously and break down into small eddies. To
capture this flow behavior encountered in hydroplaning, it is important to choose a suitable
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turbulence model that would fit the conditions the most and address the design-specific challenges.
Hence, a comparison between the common turbulence models would ensure accurate numerical
predictions and improve the existing state of the art.
Furthermore, investigation of hydroplaning factors such as water film thickness, road
conditions, tire properties and tire load variations will be conducted using the proposed study.
Finally, the numerical solutions of the model will be compared with those of established empirical
and numerical models to ensure the new model’s applicability.
The objectives of this study are as follows.
1. Develop a numerical model for hydroplaning of a smooth pneumatic vehicle tire sliding
over a flooded pavement using ANSYS FLUENT.
2. Investigate the necessity to use the correct hydrodynamics underneath the tire through
the mechanism that links flow velocities and pressures to turbulence.
3. Investigate the model performance using different turbulence models available in
FLUENT.
4. Verify the model using the widely used NASA hydroplaning equation and other
empirical and numerical models.
5. Investigate the model behavior under varying tire loads.
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Chapter 2 Literature Review

2.1 Experimental Development
The first experimental tire hydroplaning demonstration was performed back in 1958 [7] in
a tire treadmill study. Later, the experiments conducted by National Aeronautics and Space
Administration (NASA) using real full-sized tires along with the experience from aircraft aviation
indicated that this phenomenon could occur in pneumatic tires too [8].
In the study conducted by Horne and Dreher [8], eight of the experimentally observed
phenomena that occur when a tire hydroplanes have been discussed. One of them is the separation
of the tire footprint due to the developed hydrodynamic lift that exceeds the weight of the tire.
Another observation that the above researchers made indicated that a bow wave forms in the front
of the tire below the hydroplaning speed, but gradually decreases with increasing vehicle speed
and completely disappears when the vehicle undergoes total hydroplaning. It was also noted that
during total hydroplaning, the escaping fluid under the hydrodynamic pressure show a tendency
to clean the runway surface. Spin-down of unbraked wheel, loss in breaking action and directional
stability are also striking manifestations that were observed.
Experimental investigations that continued to be carried on helped researchers to realize
how different attributes impact hydroplaning ( [9], [10], [11], [12] ). Among them, tire inflation
pressure appears to be the most important single parameter in determining the aircraft or tire
hydroplaning speed [8]. Figure 2.1 shows the effect of hydroplaning speed on fluid drag parameter.
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Figure 2.1 Variation of fluid(slush) drag with ground speed on single wheel1

Figure 2.2 Development of tire hydroplaning1

When a tire in motion displaces the still water layer on the pavement, the change of
momentum of the fluid creates hydrodynamic pressure. As depicted in Figure 2.1, with the increase
in aircraft ground speed, the resulting hydrodynamic pressure which acts on the tire increases with
the square of the speed. This agrees with the drag equation in fluid dynamics which states that drag

W. B. Horne and R. C. Dreher, "Phenomena of Pneumatic Tire Hydroplaning,” National Aeronautics And Space
Administration, Washington, D.C, 1963. Permission for public use is permitted by USA government and is attached
in Appendix.
1
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is dependent on the square of the velocity for a fixed density and a reference area. Using this
outcome, as shown in Figure 2.2, tire modeling for partial and total hydroplaning can be performed.
The equation for hydroplaning speed has been derived using the fact that the net moments
acting on an unbraked wheel must at any time, be equal to the inertia torque acting on the wheel.
In a later stage of research, this equation has been simplified to the well-known NASA
hydroplaning equation based on research in Langley landing load tracks involving bogie and nosegears studies, as in Eqn. (2.1).
𝑉𝑝 = 6.36√𝑝𝑡

(2.1)

where 𝑝𝑡 is the tire inflation pressure in kPa and 𝑉𝑝 is the hydroplaning speed in km/h. It is
important to note that this equation is based on the experiments conducted on ribbed and smooth
aircraft and automobile tires on an average water depth of 7.62 mm [13].
The simplification from the originally derived equation to NASA equation is based on three main
assumptions.
1. The ratio of vertical load on tire due to vehicle mass to the gross tire contact area may be
approximated by the tire inflation pressure.
2. The fluid should have densities approaching that of water. Thus the equation is invalid for fluids
with other densities such as water mixed with lubricants etc.
3. The hydrodynamic lift coefficient is approximately 0.7. This has been established on the
experiments performed by Horne and Dreher in 1962 in order to match the experimental and
calculated hydroplaning speeds and hence, leads to the empirical nature of Eqn. (2.1) [1].
It should also be noted that this equation is valid only for smooth tires with limited groove and
tread design.
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In addition, there are few other commonly used empirical models that include parameters
such as water film thickness and pavement characteristics. Water film thickness is defined as the
thickness of water measured from the top of pavement texture asperities [14] (Figure 2.3).

Figure 2.3 Definition of water film thickness, mean texture depth and total flow2

Gallaway et al. (19729) [15] conducted comprehensive experiments for the US Department
of Transportation (USDOT) using different pavement and tire characteristics. Based on 1,038
experimental data points, regression relationship in Eqn. (2.2 ) has been developed [14].
𝐻𝑃𝑆 = 𝑆𝐷0.04 𝑝𝑡0.3 (1 + 𝑇𝐷)0.06 𝐴

(2.2)

where HPS is the hydroplaning speed (mph), SD = spindown of the tire rotational speed at
the initiation of hydroplaning (percentage), 𝑝𝑡 is the tire pressure(psi) and TD is tire tread depth in
thirty seconds of an inch. “A” can be computed by Eqn. (2.3). Eqn. (2.2) is known as the TXDOT
equation.
10.409

28.952

A = Max of (𝑊𝐹𝑇 0.06 + 3.507, [𝑊𝐹𝑇 0.06 − 7.817] 𝑀𝑇𝐷 0.14 )

(2.3)

where WFT is the water film thickness (in) and MTD is mean texture depth of the pavement (in).

2

H. S. Lee and D. Ayyala, "Enhanced Hydroplaning Prediction Tool," Florida Department of Transportation, Florida,
2020. Permission to use is granted and is attached in Appendix.
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The work of Gallaway et al (1976) [15] has been further enhanced by some of the later
research findings of Henry et al (1980) [16] and Huebner et al (1986) [17]. PAVDRN, a widely
used software package has consequently been developed to estimate the hydroplaning speeds when
the rainfall intensity and highway conditions are known. PAVDRN software has been developed
under the National Cooperative Highway Research Program (NCHRP) sponsorship [18]. Based
on the findings during the development of PAVDRN,
1. For water film thicknesses less than 2.4 mm (0.094 in) :
𝐻𝑃𝑆 = 26.04 𝑊𝐹𝑇 −0.259

(2.4)

where HPS is the hydroplaning speed(mph) and WFT is the water film thickness(in).
2. For water film thicknesses greater than 2.4 mm (0.094 in) :
𝐻𝑃𝑆 = 3.09 𝐴

(2.5)

where A is defined in Eqn. (2.3).
It should be noted that Eqn. (2.4) and Eqn. (2.5) do not carry a tire pressure term, likely because
the tests were carried out using locked wheel tester tires that are inflated to 165.5 KPa [13].
Figure 2.4 shows the comparison of TXDOT and PAVDRN equations for different
hydroplaning speeds [13]. It can be seen that for thicknesses larger than 2.4 mm, both equations
show a reasonable match while the PAVDRN equation overpredicts for lesser thicknesses.
Anderson et al (1998) [19] who focused on improving the surface drainage to reduce the
likelihood of hydroplaning stated that eventhough the TXDOT and PAVDRN equations are
empirical in nature, they represent the latest developments and hence are used in the design of
highway surface drainage facilities.
An extensive study carried by Ong et al (2007) [20] used a finite element model in
obtaining accurate projections of the hydroplaning phenomenon. Considering the ASTM E524-88
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standard smooth tire characteristics, they showed how hydroplaning speed would vary with three
important parameters, water film thickness, wheel load and tire inflation pressure [21]. The model
predicted the hydroplaning speed relationship with water film thickness, inflation pressure and tire
load.

Figure 2.4 Comparison of TXDOT and PAVDRN equations for hydroplaning speed3
Based on thes plots developed from this study, Gunaratne et al (2012) [13] developed the USF
equation expressed in Eqn. (2.6).
0.82

𝐻𝑃𝑆 = 𝑊𝐿0.2 𝑝𝑡0.5 (𝑊𝐹𝑇0.06 + 0.49)

(2.6)

where HPS is the hydroplaning speed(kmh-1), WL is the wheel load(N), 𝑃𝑡 is tire pressure(KPa)
and WFT is the water film thickness (mm).
Equation (2.6) can be used to predict the hydroplaning speeds of light weight vehicles that have
tires compatible with the locked wheel tester tires [13]. Since passenger cars fall into this category,
Equation (2.6) becomes a useful tool in the investigation of highway hydroplaning speed limits.

3

M. Gunaratne, Q. Lu, J. Yang, J. Metz, W. Jayasooriya, M. Yassin and S. Amarasiri, "Hydroplaning on Multi Lane
Facilities," Florida Department of Transportation, Florida, 2012. The material is based upon work supported by the
Florida Department of Transportation and permission is attached in Appendix.
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Horne et al (1986) [22] showed that, when the highway road surface is wet, the drivers
should be vigilant about low hydroplaning speeds particularly if their vehicles are lightly loaded.
This is due to the influence of the tire footprint aspect ratio (width divided by length) associated
with the low vertical load on tires. Based on a curve fitting approach using Texas Transporatation
Institute (TTI) data, the relationship in Eqn. (2.7) was proposed.
1.4 0.5

𝑉𝑝 = 23.3 𝑝𝑡0.21 𝐹𝐴𝑅

(2.7)

where 𝑉𝑝 is the hydroplaning speed(mph), 𝑃𝑡 is the tire inflation pressure(psi), and FAR is the tire
footprint aspect ratio. It should be noted that this equation is based on limited test results [1].
Later, more tests were carried out using a range of different tires with different loading and
pressure conditions. It was found that the datasets obtained for different tires have a good
agreement, and with them the following relationship was obtained [22].
𝑉𝑝 = 51.80 − 17.15𝐹𝐴𝑅 + 0.72𝑝𝑡

(2.8)

It has been also reported [22] that the relationship in Eqn. (2.8) should be backed up with additional
test data with a variety of bus, truck and automobile tires.
2.2 Analytical and Numerical Development
While the information that came to light from the experimental studies helped researchers
to identify the critical parameters and their relationships to hydroplaning, the analytical and
numerical developments also began simultaneously. This section would be focussed on how
analytical methods have been applied to the hydroplaning problem and the numerical studies
conducted at a later stage with the development of computing abilities such as computational fluid
dynamics.
For a tire rolling on a wet surface below the hydroplaning limit, Moore (1966) [23]
identified three main zones of interest in the contact area (Figure 2.5). The first zone which is the
14

sinkage, or the squeeze film zone, is located in the front part of the tire. In this area, the tire treads
try to squeeze out the water between the road surface and the tire. Then there is the transitional
zone and lastly the actual contact zone where the tractive force is developed.

Figure 2.5 Wet rolling below the hydroplaning limit4
Gough et al (1968) [24] used the three-zone concept to demonstrate hydroplaning. In order
to make the grip of the tire on the pavement, each tread element needs to squeeze out water. This
process can be described using the above mentioned zones. Squeeze film concept [23] is also
notable in explaining this mechanism. The reduction of traction with increasing speed in shallow
water is usually explained by the progressive penetration of a relatively thick film of water, called
a "squeeze film," into the contact region [2]. This film is kept in place due to the uplift
hydrodynamic pressure generated from the water. The partial hydroplaning scenario occurs when

4 Moore, D. F. Prediction of Skid-Resistance Gradient and Drainage Characteristics for Pavements. Highway
Research Record, No. 131, TRB, National Research Council, Washington, D.C., 1966, Figure 1B, p. 183. Copyright,
National Academy of Sciences. Reproduced with permission of the Transportation Research Board which is attached
in the Appendix.
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a part of the contact zone is supported by one such squeeze film. This is the reason that thin film
zone is in a partial hydroplaning condition [25].
Browne (1971) [4] was the first to propose a two dimensional model with investigations
on inviscid, laminar and turbulent models. But Browne’s model did not show a good agreement
with NASA measured values. Later, the study was extended by Browne et al (1983) [26] and the
fluid-tire interaction was incorporated for more accuracte modeling. But still the model would not
show a resonable agreement with NASA hydroplaning equation (Eqn. 2.1).
In the late 1900s, finite element analysis started to get increasingly integrated into the tire
design process. Simultaneously, commercial computer packages became available to be used in
computational fluid dynamics (CFD) based tire analysis. Zmindak et al (1997) [27] used the
ADINA system to model the hydroplaning problem. With the results from the above study, the lift
force was found by the integration of pressure. However, Zmindak et al (1997) had used a laminar
fluid flow model. Furthermore, they also did not show experimental verification of the NASA
equation (Eqn. 2.1).
Several numerical studies focusing on the effect of the tire model on hydroplaning have
also been carried out. One such study done by Cho et al (2006) [28] investigated the characteristics
of hydroplaning such as the hydrodynamic pressure and force acting on the tire patch area etc.
using a patterned tire and rainwater flow. The finite volume method and explicit finite element
method were coupled so that the fluid structure interaction would be effectively considered in the
above study. Figure 2.6 shows the model illustration of rainwater flow behind tire for two different
tire types namely, three grooved model and the full patterened model. It was observed that the
hydrodynamic lift acting on the patterned tire was smaller than that on the three grooved tires since
water is drained through the lateral grooves as well as the main grooves in the pattern tire,
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justifying better drainage performance. Using the 3D hydroplaning analysis of the patterned tire,
Cho et al (2006) [29] proposed a numerical-analytical method to estimate the total braking distance
of the anti-lock brake system (ABS) equipped vehicles running on wet roads. By coupling
Lagrangian finite 5element method and Eulerian finite volume method, the hydroplaning
phenomenon was captured effectively in the above study.

Figure 2.6 Rainwater flow behind tire (a) three-grooved model (b) full patterned model4
Ong (2006) [1] proposed an improved numerical model considering coupled tire-fluidpavement interaction to estimate the skid resistance and hydroplaning speed of a locked wheel on
a smooth pavement using the finite element software package ADINA. The above model
considered the tire to pavement contact to be important because the development of tire
deformation in the transitional processing leading to hydroplaning cannot be simulated without it.
The main components of the model were the tire, fluid and pavement sub models. The
hydroplaning phenomenon was modeled as a layer of water with a given thickness and a smooth
plane pavement surface moving at a given speed towards the tire. In the above model, a steadystate analysis was adopted. The two interaction mechanisms, tire-pavement contact and tire-fluid

5

J. R. Cho, H. W. Lee and W. S. Yoo, "A wet-road braking distance estimate utilizing the hydroplaninganalysis of
patterned tire," International Journal for Numerical Methods in Engineering, p. 1423–1445, 2006. Permission is
attached in Appendix.
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interaction, enabled the model to effectively study how the tire properties, tire footprint aspect
ratio caused by different loading conditions etc. would change the hydroplaning speed. It was
shown that the predominant factor influencing the hydroplaning speed is the tire inflation pressure.
In order to compare the model performance with the existing water film thickness equations
such as TXDOT equation (Eqn. 2.2), Ong (2006) [20] applied the simulation model for a range of
water film thcknesses varying from 0.1 mm to 10 mm under a tire inflation pressure of 165.5 KPa
and a constant load of 4800 N. The relationship obtained is as follows. It is essentially a linear
shift of Eqn. 2.2.
𝑉𝑝 =

32.469
0.06
𝑡𝑤

+ 15.597

(2.9)

where 𝑉𝑝 is the hydroplaning speed (mph), and 𝑡𝑤 is the water film thckness (inch).
It has been noted that TXDOT equation (Eqn. 2.2) could not predict NASA equation since the
constants are deliberately chosen to be constant [17] and this can be the reason for the linear shift
of Eqn. 2.9 from TXDOT equation.
Finite element software package ABAQUS has been used in a study conducted by Kumar et al
(2012) [30] to simulate the two extreme cases that occur in different tire slipping conditions. (1)
completely rolling (0% slip) and (2) complete locking (100% slip). In the above study, a plane
pavement surface has been considered with the ASTM standard smooth tire. Tire modeling has
been done using the Lagrangian method and the fluid modeling was performed using Eulerian
method with fixed elements (Figure 2.7). The developed model showed a good agreement with the
NASA equation for both rolling and slipping cases.
It should be noted that for rolling, the NASA equation is as expressed in Eqn. (2.1) and it uses a
hydrodynamic lift coefficient of 0.7. But for slipping, a different experimental hydrodynamic lift
coefficient of 0.95 should be used and hence the constant in Eqn. (2.1) is replaced with 5.43 [30].
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The developed model was then simulated for different water film thicknesses and a range of tire
inflation pressures. One main conclusion drawn from the above study is that sliding tires are more
inclined to hydroplane than rolling tires. This is because when the tire is sliding there is no clear
escape paths for the entrapped water unlike in the case of rolling tires. However, the fluid model
used in the above study has not considered the effects of turbulence that the flow experiences at
incipient hydroplaning.

Figure 2.7 ASTM E 524 smooth tire standing on water regime at the time of hydroplaning6
Zhu et al (2017) [31] proposed a numerical study on hydroplaning based on the power
spectrum of an asphault pavement and kinetic friction coefficient. ABAQUS was used in the
simulation process. The above study focused on the friction behavior of the tire and pavement
contact. It considered three wet asphault pavement types, and a 225-40-R18 radial tire for the finite

6

S. S. Kumar, K. Anupam, T. Scarpas and C. Kasbergen, "Study of Hydroplaning Risk on Rolling and Sliding
Passenger Car," SIIV - 5th International Congress - Sustainability of Road Infrastructures, Netherlands, 2012.
Permission is attached in Appendix.
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element model developmen7t. Experimental verification was done with the NASA equation (Eqn.
(2.1)) to verify the applicability and accuracy of the model. The main parameters investigated in
the above study were the tire inflation pressure, water film thickness and the pavement type. The
above study can be applied to predict the hydroplaning speeds on different pavements and
improvement of skid resistance of pavements.

Figure 2.8 Aquaplanning experimental tests6
Hydroplaning simulations were carried out using Smoothed Particle Hydrodynamics
(SPH) and Finite Element (FE) methods by Hermange et al (2019) [32]. The analysis was done for
both rough and smooth pavements and an optimized algorithm was proposed to deal with this fluid
struture interaction problem of hydroplaning. Figure 2.8 shows how the contact area between the
tread and the ground has been experimentally cap8tured using imaging techniques. The above

6

C. Hermange, G. Oger, Y. Le Chenadec and D. Le Touzé, " A 3D SPH–FE coupling for FSI problems and its
application to tire hydroplaning simulations on rough ground," Computer Methods in Applied Mechanics and
Engineering, pp. 355,558-590, 2019. Permission is attached in Appendix.
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developed model was comprehensive due to pre-inflation, solid loading applied to the center of
the wheel and initial contact setting etc.
Schulz et al (2021) [33] formulated the hydrodynamics of the water film depth from a
macro scale point of view which is helpful for a better understanding of the mean water flow
aspects as well as its physical nature. This1 has been performed by applying mass and momentum
conservation principles. For the calculations of water film depth, known shear stress equations
along flat plates have been considered with both laminar and turbulet flow regimes. The exponents
and the coefficients of the equations were adjusted with data from literature. It was found out that
the turbulent equation presented slightly higher coefficients of determination and thus considered
more adequate for quantification of water film depths. The hydroplaning phenomenon has also
been looked at from a macro scale by adopting an integral point of view rather than a differential
point of view. A control volume between a deformable tire and the pavement has been considered
with water entering from the front of the control volume. It was found out that one of the main
components of the lifting force comes from the deflection of water caused by the horizontal
movement and following the angle of attack. Overall, both formulations on water film depth and
hydroplaning phenomenon provided fully sufficient behaviors of water depths and hydroplaning
velocities considering the present comparisons.
2.3 Research Needs
In summary, from the exhaustive literature review presented in this chapter, it can be
concluded that extensive research has been conducted on the development of models to understand
the mechanism of hydroplaning while predicting the effects of contributory factors on the
hydroplaning speeds. Researchers have used coupled structural and fluid models in obtaining
predictions on critical speeds. However, it has not been clarified as to which of the above two
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components captures the mechanics behind the hydroplaning problem. The majority of studies
conducted so far have been focused on the structual aspects and the impact of hydrodyanmics
under the tire has not been investigated in great detail.
Furthermore, modeling the hydroplaning phenomenon using solid-fluid coupling would
essentially make the model more complex. Therefore the goal of this study is to develop a
computationally economical model without irrelevant structural details, specifically addressing
how engaging of the hydrodynamics principles would capture the hydroplaning effects with
sufficient accuracy.
This has been explored by comprehending the theoretical aspects of hydrodynamics due to
the linkage among flow velocities, pressure and turbulence. The regions where turbulence is
expected to occur are underneath the tire due to the shear generated from the rapid change in
velocity and at the front of the tire in the form of splashing. Neglecting the correct representation
of these zones in the model development stage would predict inaccurate pressures which would
produce an imprecise lift force on the tire. Later, re-assessing the model with alternative turbulence
models in ANSYS FLUENT would further provide a sense of what solutional methods would yield
a better numerical accuracy.
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Chapter 3 Development of Tire Hydroplaning Model

3.1 Introduction
From the overview of the research areas expected to be addressed as detailed in Section
2.3 of Chapter 2, there is a necessity to develop a numerical model with the correct hydrodynamics
in the regimes under the tire that turbulence is expected to occur, while adopting a simpler
methodology and a reduced computational effort. At the same time, the developed model should
ensure the research objectives described in Chapter 1 are met. Considering these requirements, a
numerical model for hydroplaning of a smooth pneumatic vehicle tire sliding over a flooded
pavement has been developed using ANSYS FLUENT.
This chapter presents the development stage of the numerical model. The first part of the
chapter focusses on fundamentals of fluid dynamics and the theoretical concepts that are used to
analyze fluid flow in ANSYS FLUENT. The use of two alternative turbulence models in this study
are used to effectively capture the flow behavior. Techniques like multiphase flow modeling that
enables to track the air-water interface in the developed model are also described. The second part
of the chapter focusses on the development of the proposed model in terms of the geometric and
material properties used, mesh development and quality analysis, and the FLUENT setup including
the numerical algorithms embedded in the software.
3.2 Turbulent Flows
Fluids move in packets of particles known as eddies. These eddies have unsteady and
irregular motions. Therefore, while they jostle around each other in an aperiodic manner they give

23

rise to fluctuations in fluid velocity, pressure, density, temperature and scalar concentration fields
such as dyes added to fluid flow as tracers. In order to predict the flow patterns, a dimensionless
quantity known as Reynolds Number defined in Eqn. (3.1) is used in fluid mechanics. At low
Reynolds numbers, the flows tend to exhibit laminar behavior, while at high Reynolds numbers,
they take the characteristics of a turbulent flow.
𝑅𝑒 =

𝜌𝑉𝐿

3.1

µ

where 𝜌 is the density of the fluid (kg/m3), V is the flow speed (m/s), L is the characteristic
linear dimension (m), and µ is the dynamic viscosity of the fluid (Ns/m2). The larger the Reynolds
number, the more unstable the eddies become. Therefore, the larger eddies break down into small
ones at a faster rate. Eventually the eddies become small enough that viscosity takes over and the
energy is damped out and converted into heat. This results in a spectrum of eddies with different
sizes. It should also be noted that when large eddies break down the kinetic energy, the energy loss
is very low, hence the energy is transferred efficiently down to smaller eddies. This is illustrated
in Figures 3.1 and 3.2. It can be seen that the large-scale eddies of length scale L (Figure 3.2) get
reduced to the smallest possible length scale known as the Kolmogorov scale and these are
typically on the order of a few millimeters or shorter.

Figure 3.1 Energy spectrum in a turbulent flow
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Figure 3.2 Energy Cascade7

3.2.1 Modeling of Turbulence
The fundamental equations of fluid dynamics are obtained by applying mass, momentum
and energy conservation principles to the fluid in motion. These are expressed in terms of partial
differential equations th1at govern the fluid motion. The continuity equation derived from
conservation of mass for an incompressible flow in cartesian notation is seen in Eqn. (3.2).
𝜕𝑢
𝜕𝑥

𝜕𝑣

+ 𝜕𝑦 +

𝜕𝑤
𝜕𝑧

=0

3.2

where (u, v, w) is the velocity vector in the x, y and z cartesian space.
The set of momentum equations for an incompressible fluid in x, y and z directions is shown in
Eqns. (3.3)-(3.5). They are also known as Navier Stokes Equations.

7

L. F. Richardson, Weather Prediction by Numerical Process, Cambridge: Cambridge University Press, 1922.
Permission is attached in Appendix.
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𝜕2𝑦
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𝜕2𝑣
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𝜕2𝑤
𝜕2 𝑧

)

3.5

where t is the time, P is the pressure, µ is the absolute viscosity and 𝜌 is the density of the fluid
and V is the kinematic viscosity.
Solution of Navier Stokes equations for turbulent flows is a complicated task since the
fluctuating quantities must be resolved both in time and space. In Direct Numerical Simulation
(DNS), the entire spectrum of spatial and temporal scales of turbulence is resolved in a finer mesh
with a large number of elements and therefore, the complete picture of the flow field can be
obtained. This simulation procedure does not require any separate turbulence modeling. But for
this exercise, the central processing unit (CPU) requirement would be extremely high and hence
DNS is said to be computationally expensive. DNS is not pragmatic in the simulation of industrial
flows due to this computational requirement.
Averaged Reynolds Navier Stokes (RANS) equations have been derived from the time
averaging procedure known as Reynolds-averaging, and this is a technique used to filter out parts
of the turbulent spectrum. In this approach, substantial computational expense of having to solve
the entire spectrum would be reduced. And this procedure works fine for most of the flows of
interest since resolution of the eddies associated with the mean flow is sufficient in most cases.
The difference between RANS and DNS flow solutions is illustrated in Figure 3.3.
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(a)

(b)

Figure 3.3 a) RANS and b) DNS solutions for flow in an ozone contactor2
Time averaging can be used to extract the mean flow properties from the instantaneous
ones. If ti is the integral time scale at which the velocities become random, Reynolds suggested
that over some time scale longer than ti the velocity could be decomposed as,
𝑈𝑖 (𝑥𝑗 , 𝑡) = 𝑢𝑖 (𝑥𝑗 , 𝑡) + 𝑢𝑖′ (𝑥𝑗 , 𝑡)

3.6

where 𝑈𝑖 (𝑥𝑗 , 𝑡) is the instantaneous component which can be expressed as

1
ti

𝑡+ti

∫𝑡

𝑈𝑖 (𝑥𝑗 , 𝜏) 𝑑𝜏,

𝑢𝑖 (𝑥𝑗 , 𝑡) is the time-average component and 𝑢𝑖′ (𝑥𝑗 , 𝑡) is the fluctuating component.
The set of RANS equations that can be obtained from Reynolds decomposition and performing
Reynolds averaging in index notation is as follows.
𝜕𝑈

𝜌 ( 𝜕𝑡𝑖 + 𝑈𝑘

𝜕𝑈𝑖
𝜕𝑥𝑘

𝜕𝑃

𝜕

𝜕𝑈

) = − 𝜕𝑥 + 𝜕𝑥 (µ 𝜕𝑥 𝑖 ) +
𝑖

𝑗

𝑗

𝜕𝑅𝑖𝑗
𝜕𝑥𝑗

3.7

where 𝑅𝑖𝑗 = −𝜌𝑢𝑖′ 𝑢𝑗′ and is called the Reynolds stress tensor. These additional unknown stresses
and fluxes get added to the system of equations due to the averaging procedure and thus, they need
to be modeled to close the system of equations. The solution for this closure problem is facilitated
with closing assumptions to the RANS equations through turbulence modeling.

8

J. Zhang, A. E. Tejada-Martinez and Q. Zhang, "Evaluation of Large Eddy Simulation and RANS for Determining
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27

3.2.2 Turbulence Models in ANSYS FLUENT
Due to the broad physical modeling capabilities it possesses to model turbulent flows,
ANSYS FLUENT has been chosen for the model development in this study. There are several
RANS based turbulence models in FLUENT. They are one equation models such as SpalartAllmaras and two equation models such as Standard k-ε, RNG k-ε, Realizable k-ε, Standard k-ω,
SST k-ω and Reynolds Stress model. No single turbulence model is universally accepted as being
superior for all classes of problems. Considering the physics of the flow of interest and the
established practice for a specific class of problems, the most suitable model has to be chosen [36].
The available RANS turbulence models and their usage are listed in Table 3.1.
For modeling of hydroplaning, two models have been selected over the others. They are
the realizable k-ε model and the SST k-ω model. The equations are solved using the aforesaid two
models and the performance of the models with respect to available results are compared. The
basis of choosing realizable k-ε and the SST k-ω are as follows.
1. Both models use the solution of two transport equations and introduce a turbulent viscosity
to compute Reynolds stresses. This essentially simplifies the problem from some of the
other complex RANS models available. Two equations models are also the most heavily
used turbulence models in industrial CFD due to the robustness and accuracy [36]
2. In ANSYS FLUENT, the use of Realizable k-ε is recommended relative to other variants
of the k-ε family [36]. It tends to provide excellent performance for flow types that include
boundary layers under drastic pressure gradients. Hence it can be expected that the
hydroplaning conditions would be better captured using the realizable k-ε model.
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Table 3.1 RANS turbulence model behavior and usage [37]
Model
Behavior and Usage
Spalart-Allmaras
Appropriate for less complex flow behaviors in 2D. Some
examples would be flow around airfoils, wings and missiles. The
model is productive for large meshes. Not effective for complex 3D
flows.
Standard k-ε

A popular, powerful model broadly used but certain
limitations come with it. Flows with drastic pressure differences,
detachment and strong curvatures do not perform well.

RNG k-ε

Appropriate for average swirling flows and vortices which
include complex shear forces. Works well with locally transitional
flows too (e.g. boundary layer separation, massive separation).

Realizable k-ε

In terms of the type of flow problems that can be solved and
the offered benefits, this is similar to RNG. But this model does a
better job in converging and in terms of accuracy.

Standard k-ω

Excellent performance for different flow types such as wall
bounded boundary layer, free shear, and low Reynolds number flows.
Works fine with complex boundary layer flows going under extreme
pressure differences and detachment. Can be used for transitional
flows even though this model tends to predict early transition.

SST k-ω

In terms of the type of flow problems that can be solved and
the offered benefits, this is similar to standard k-ω. But this has a
heavy dependency on the distance from the wall and hence it is not
appropriate for free shear flows.

Reynolds Stress

Physically the best RANS model even though more CPU time
and memory are required. Also it will not converge easily. Suitable
for complex 3D flow behaviors like strong swirl winds etc.

The two transport equations used in realizable k-ε model is as follows.
𝜕(𝜌𝑘)
𝜕𝑡

+

𝜕(𝜌𝑘𝑢𝑗 )
𝜕𝑥𝑗

𝜕

µ

𝜕𝑘

= 𝜕𝑥 ((µ + 𝜎𝑡 ) 𝜕𝑥 ) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘
𝑗

𝑘

𝑗

3.8
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𝜕(𝜌𝜀)
𝜕𝑡

𝜕(𝜌𝜀𝑢𝑗 )

+

𝜕𝑥𝑗

𝜕

µ

𝜀2

𝜕𝜀

= 𝜕𝑥 ((µ + 𝜎𝑡 ) 𝜕𝑥 ) + 𝜌𝐶1 𝑆𝜀 − 𝜌𝐶2 𝑘+
𝜀

𝑗

𝜂

𝑗

√𝜈𝜀

𝜀

+ 𝐶1𝜀 𝑘 𝐶3𝜀 𝐺𝑏 + 𝑆𝜀

3.9

𝑘

where 𝐶1 = max (0.43, 𝜂+5 ), 𝜂 = 𝑆 𝜀 , 𝑆 = √2𝑆𝑖𝑗 𝑆𝑖𝑗
k is the turbulent kinetic energy, ε is dissipation rate, 𝐺𝑘 represents the generation of
turbulent kinetic energy due to mean velocity gradients, 𝐺𝑏 the generation of turbulent kinetic
energy due to buoyancy, 𝑌𝑀 the contribution of the fluctuating dilatation in compressible
turbulence to the dissipation rate and 𝐶2 , 𝐶1𝜀 are constants. 𝜎𝑘 and 𝜎𝜀 are the turbulent Prandtl
numbers for k and ε and 𝑆𝑘 and 𝑆𝜀 are user defined source terms [36]
3. The advantages of choosing a model from the k-ω family is the possibility of integrating
the ω equation through the viscous sub-layer without generating new terms. Also, the
family of k-ω are better at predicting flows under large pressure differences better than kε. The standard k-ω is not recommended since it carries a high free stream sensitiveness or
free stream values outside the shear layer. Other models in the family have been developed
avoiding this downside, and specifically SST k-ω uses a blending function for the transition
of k-ω model near the boundary to k-ε model (high Reynolds number version) in the
outward part of the wall. Consideration of the effects of principal turbulent shear stress is
also an added advantage to capture the turbulent quantities in the model effectively.
The two transport equations used in SST k-ω model are in Eqns. (3.10) and (3.11)
𝜕(𝜌𝑘)
𝜕𝑡
𝜕(𝜌𝜔)
𝜕𝑡

+
+

𝜕(𝜌𝑘𝑢𝑖 )
𝜕𝑥𝑖

𝜕
𝜕𝑘
= 𝜕𝑥 (Γk 𝜕𝑥 ) + 𝐺̃𝑘 − 𝑌𝑘 + 𝑆𝑘

𝜕(𝜌𝜔𝑢𝑖 )
𝜕𝑥𝑖

𝑗

𝑗

𝜕

𝜕𝜔

= 𝜕𝑥 (Γω 𝜕𝑥 ) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔
𝑗

𝑗

3.10
3.11

where 𝐺̃𝑘 is the generation of turbulent kinetic energy due to mean velocity gradients, 𝐺𝜔 is the
generation of the specific rate of dissipation (ω), Γk and Γω represent the effective diffusivity of k
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and ω. 𝑌𝑘 and 𝑌𝜔 are the dissipation of k and ω due to turbulence while 𝐷𝜔 is the cross diffusion
term and finally 𝑆𝑘 , 𝑆𝜔 are user defined source terms [36].
3.3 Multiphase Modeling to Track Fluid-Fluid Interface
Volume of fluid (VOF) is a numerical technique used to track and locate the fluid-fluid
boundary. The modeling process includes tracking of the volume fraction of each of the fluids in
the entire domain. One limitation of the model is that there should not be any void regions with no
fluid. This means that if the nth fluid’s volume fraction is 𝛼(n) only three conditions are possible.
𝛼(n) = 0 which denotes that the cell is empty from fluid n, 𝛼(n)=1 which denotes that the cell is
full of fluid n and 0< 𝛼(n)<1 which denotes that the cell is partially filled with fluid n and it
contains the boundary between fluid n and the other fluids in the model. Another limitation of the
model is that it cannot be used with the density-based solver. But the aforesaid constraints are not
applicable to the hydroplaning model establishment and hence, this technique has been chosen to
track the water-air boundary.
3.4 Development of the Numerical Model
The conceptualization of the vehicle tire hydroplaning can be defined as a tire rolling on
the stationary pavement covered with water. In this case, the pavement, water and air have zero
velocities while the tire is in motion. But the same scenario can be viewed by considering the
moving tire as the reference as illustrated in Figure 3.4. In other words, the pavement, water and
air are all approaching the stationary tire at a speed that is equal in magnitude to the tire speed in
a stationary observer reference, but opposite in direction. The latter scenario has been used by Ong
et al (2006) [1] in developing a numerical model for hydroplaning of a locked wheel using an
assumed tire deformation profile. The hydroplaning problem in a moving wheel frame of reference
can also be modeled entirely using a fluid model when the motion of the tire does not enter in the
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picture. But if it is to be considered, the motion of the tire on the road would have to be modeled
and for that, a structural component (tire) would also have to be coupled to the fluid model. This
situation would essentially make the problem more complex although it would be the most
appropriate since the tire pavement interaction would get addressed in its entirety. However, it is
beyond the scope of this study due to the time constraints.
3.4.1 Material Properties
For the current study, the fluids considered are air and water. These have been considered
at a reference temperature of 298 K. The densities of air and water are 1.225 kg/m3 and 998.2
kg/m3 respectively and the dynamic viscosities are 1.7894 x 10-5 and 1.003 x 10-3 kg/m-s
respectively.
3.4.2 Geometry of the Model
Modeling the domain around the entire tire is computationally expensive. Also, at incipient
hydroplaning, the lift on the tire is created by the hydrodynamic pressure of the water that gets
stagnated at the front of the tire in the form of bow waves and the water that penetrates the tirepavement contact area. The lift force created by the surrounding air is negligible compared with
the hydrodynamic force imposed by water. However, both fluids should be used in the model to
track and locate the air-water interface.
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Figure 3.4 Conceptualization of hydroplaning model
Due to these reasons, modeling of the domain surrounding the bottom part of the tire where
water comes to the picture would be adequate to predict the water flow and the recirculated air
flow getting encountered in the hydroplaning scenario accurately. Hence the zone around the
bottom half of the tire has been created in the geometric module. Additionally, this domain can be
viewed as symmetrical with respect to the vertical plane through the center of the tire and thus one
such portion of the domain is modeled.
Figure 3.5 shows the geometry of the proposed model. Due to the vertical load on the tire,
there is always a patch area in contact with the pavement below hydroplaning speeds. In the current
study, the model development has been carried out for a fixed tire patch area. After model
verification, several cases are run with different tire patch areas corresponding to different loading
conditions. It has been found out that the changes in the vertical loading only has a minor effect
on hydroplaning since this change will always have a corresponding change in the tire contact area
with the pavement in such a way that the tire inflation pressure would remain the same [8].
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Figure 3.5 Geometry of the proposed model
Another significant change in the tire geometry is replacing the curved tire part with several
linear segments as shown in Figures 3.6 and 3.7. This modification would essentially preserve the
shape of the tire while making the solution process much easier. Getting the vertical component of
the hydrodynamic force acting on the tire would be difficult since the hydrodynamic pressures act
perpendicular to the surface as shown in Figure 3.7 and their orientation or directions above are
unknown. But with the above modification and the known angle 𝛼, this will become simpler.

Figure 3.6 Hydrodynamic pressures acting perpendicular to the tire
wall
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Figure 3.7 Recreating the curved tire part in straight lines for the
easy hydrodynamic lift force calculation

3.4.3 Boundary Conditions
It is important to provide accurate boundary conditions in the model since a unique solution
for the problem of interest depends a lot on them. As illustrated in Figure 3.5, two velocity inlets
have been located upstream, namely the air inlet and the velocity inlet. Air inlet height is 368 mm
and the water film thickness (WFT) height is 7.62 mm. The heights have been used to perform the
model verification using the popular NASA equation (Eqn. 2.1) since those experiments had been
carried out using a constant water film thickness. Later, for predicting model behavior under
different water film thicknesses, this depth has been changed. Water is to travel 286 mm from inlet
before hitting the tire, and this ascertains that there is sufficient space in the front of the tire for the
stagnation of water in the form of waves.
Wall interfaces in FLUENT are used to bound the solid and fluid zones. Thus, the pavement
has been modeled as a moving rigid plate. Shear condition at the wall has been specified as of no
slip. The flow variables of top, side and the outlet faces of the domain can be rationally
approximated to be pressure outlets with pressures set to the atmospheric value. Past researchers (
[26], [1]) have used this flow information in their numerical studies as well. Symmetry boundary
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condition can be used when the flow field and the geometry are symmetrical [38]. This would
essentially reduce the computational effort. Hence, as illustrated in Figure 3.5, one portion of the
tire separated along the symmetrical vertical plane going through the centerline is used for the
study. It should be noted that the velocity and the normal gradients of all variables are zero at the
symmetrical plane.
Ong et al (2006) [1] conducted tests to study the effect of boundary conditions by changing
the locations of the boundaries. The distances to the boundaries were selected based on the
computational efficiency and the suitability of the location. With five different models ranging
from a lower cell count to a high cell count and with two of them exceeding two million mesh
elements, it was found that all the steady state volume fraction plots obtained illustrated a similar
behavior and thus, the location of the boundary conditions were found to be insignificant toward
the simulation results.
3.4.4 Tire Model
The tire used in the model is a smooth tire with a diameter of 0.7 m. The reasons for
choosing a tire with no texture can be summarized as follows.
•

Friction measuring equipment such as pavement skid testers are mostly equipped with
smooth tires. An example would be the development and experimental verification of
NASA equation using smooth tires [8]. This is because it is the knowledge of the
satisfactory pavement conditions that is needed for safe operation of aircrafts and vehicles.
Incorporating the tire textures would essentially convolute the results.

•

Smooth tires provide the worst-case scenario for a tire on pavement with the minimum
traction and escaping space for water.

36

But in reality, even the “smooth tires” inherit a small roughness, hence using a reasonably
low roughness value for the tire surface would be prudent. Therefore, a roughness height of
hundredth of a millimeter, which would not violate the smoothness condition has been introduced
to the tire which solely represents the smooth tire surface.
3.4.5 Pavement Conditions
A gap of 0.5 mm is maintained between the pavement and the tire bottom as shown in
Figure 3.8. The height of this gap is equal to the minimum macrotexture of the pavement. By using
such a standard gap to represent the macrotexture depth under the tire, the model would essentially
equate the “flow” of water under the tire in both cases to be the same. This can be explained with
the results from the sand-patch test used to evaluate the mean texture depth (MTD) of the
pavement.

Figure 3.8 Gap between the tire bottom and the pavement

3.4.5.1 Relationship Between MTD and Modeled Gap
In the sand patch test, after sand with a known volume is poured into a small pile, a spreader
is used to evenly work the grains down into the surface voids. This would ensure that a cylinder
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would get created with sand filled voids of the pavement, and the mean height of this cylinder is
the mean texture depth of the pavement. The test is illustrated in Figure 3.9. By measuring the
diameter of the sand circle, the area of the cylinder can be found and with the known volume, the
MTD of the pavement is easily calculated as follows.
MTD =

Volume of sand used for testing

3.12

Patch area

Figure 3.9 Sand Patch Test8
In the current study, since the tire has no treads, no water can get trapped between the
pavement and the tire. Therefore, the volume under the tire patch is entirely the volume of water
getting trapped between the pavement asperities. Hence, for a case of a tire immersed in water,
Equation 3.12 can be rewritten as follows.
MTD =

Volume of water under the tire patch
Patch area

3.13

Therefore, it is reasonable to represent the MTD of the pavement using the gap height and
the standard MTD is chosen as the threshold or the minimum MTD (0.5 mm). This notion is also
consistent with the gap height3used by Ong et al (2006) [1] which can be related to the threshold
of pavement macrotexture. It should also be noted that when the rigidity of tire increases, the

8

S. I. Sarsam, Field evaluation of Asphalt Concrete Pavement surface texture and skid characteristics, 2012.
Permission is attached in Appendix.

38

accuracy of using minimum MTD as the gap height increases. This is because when the tire is not
rigid it takes up space between the pavement asperities and less water is trapped as a result. So,
the water height becomes less than the MTD value.
Microtexture is another pavement texture characteristic; however, it does not play a pivotal
part in the hydroplaning problem. Microtexture in a pavement is generated due to the small-scale
texture of the aggregate used such as sand and gravel. Hence microtexture primarily controls the
adhesion between the tire and the road. On the other hand, the macrotexture is introduced on the
pavement due to the relative position or the aggregate particle arrangement. Obviously, water flow
is only affected by the macrotexture and therefore incorporating it in the model design is crucial.
Figure 3.10 illustrates the difference between macrotexture and microtexture.

Figure 3.10 Microtexture and the macrotexture of the pavement

3.4.6 Mesh Analysis
The basic building blocks for a three-dimensional mesh are tetrahedrons, hexahedrons,
pyramids, and prisms. The mesh was first created using tetrahedrons, but it had convergence issues
and an undesirable mesh quality. Hence, the mesh was recreated entirely with hexahedrons. The
main considerations given during the mesh creation are as follows.
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•

How much of geometric details are needed to create accurate flow behavior that would
ensure computer efficiency for the analysis.

•

A finer refinement would be needed in certain flow zones than the others. In this problem,
the zones that have air entirely do not need refinement and making the mesh coarse would
not heavily impact the numerical accuracy. But in the zones where the fluid is water and
the water-air boundary is located, the mesh density should be sufficiently high. One
challenge in performing the mesh refinement was the zone where water is encountered
which is relatively small compared to that of air, which gets in the way when refining the
aspect ratio, making the mesh quality worse. Aspect ratio is used as a measure of the
stretching of a cell. But by maintaining this ratio in the recommended range provided in
ANSY, the mesh was developed and mesh checks were performed.

3.4.6.1 Mesh Quality
The mesh quality check can performed to check if the quality of the mesh is satisfactory
for the problem of interest. The mesh domain was partitioned and separate element sizes were
defined for each part so that the generation of the mesh was easier. Inflation and sizing techniques
were used to ensure that the critical fluid regions are well captured.
The orthogonal quality of a mesh refers to how close the angles between adjacent element
faces (or adjacent element edges) are to a selected optimal angle (depending on the relevant
topology) [36]. Skewness is another quality check parameter, and it measures as to how much the
cell has deviated from an ideal equilateral cell of equal volume. Figure 3.11 shows skewed and
non-skewed elements. The mesh metrics spectrums for these two quality check criteria are shown
in Figure 3.12. The mesh quality was checked against these criteria and the mesh check was
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accomplished with satisfactory elements in the recommended range. The statistics of the developed
mesh are shown in Figure 3.13 and 3.14.

Figure 3.11 Skewed and non-skewed elements

Figure 3.12 Orthogonal quality and Skewness mesh metrics spectrum [40]
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Figure 3.13 Skewness statistics of the developed mesh

Figure 3.14 Orthogonal quality statistics of the developed mesh
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3.4.6.2 Mesh Sensitivity Analysis
Higher mesh densities may be required for zones where turbulence is critical since all the
transport quantities need to be solved to obtain an accurate numerical solution. In the model, the
fluids and the pavement have the same velocity, thus there is no boundary layer getting developed
in water’s path from the inlet near the tire. Hence turbulence occurs at the front of the tire where
the water gets impacted and bow waves are formed. It may also occur underneath the tire due to
the shear stresses provided by the stationary tire on the water film sliding underneath. Furthermore,
since the water parcels spend only a short time under the tire, they may not experience much
shearing. However, the mesh sensitivity in this zone should be analyzed since an ample cell count
should represent the depth of the gap between the pavement and the tire bottom.
Another reason for performing a mesh sensitivity analysis is the friction Reynolds number.
Based on the velocity profile and turbulent quantity computation under the tire, it was found out
that the bulk Reynolds number was 8335 and the friction Reynolds number which is based on the
gradient of velocity was around 205 based on the calculations shown in Chapter 4. Even though
the values do not illustrate a flow in a high turbulence range, there is a chance that results would
change with a higher mesh density, and hence such an analysis is salient.
Based on the above discussion, three cases have been considered with different element
counts defining the gap height (Table 3.2). It should be noted that when changing the element
count in the 0.5 mm gap, the cell element size in that zone should be reduced as well, to avoid high
aspect ratio elements which are unacceptable.
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Table 3.2 Hydrodynamic pressure with the mesh refinement at the tire bottom
No of cells
Total cell
Hydrodynamic
representing the
count in the
Pressure under the tire
gap height
mesh (Millions)
patch area (KPa)
4
0.23
1284
8

2.07

1900

15

3.75

2070

Figure 3.15 Change of hydrodynamic pressure with the mesh refinement at
tire bottom

It can be seen from Figure 3.15 that when the cells representing the gap is 15 elements, the
hydrodynamic pressure under the tire patch area reaches a stabilized value. Therefore at least this
element count should be maintained in the gap to capture the accurate pressure. Hence the mesh
of 3.75 M cells was used for the study. Eight parallel processors were used in carrying out the
simulations with the current mesh.
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3.4.7 FLUENT Setup
3.4.7.1 Steady and Transient State Analysis
The type of flow in which the flow parameters such as velocity, pressure etc. remain
constant with time is known as steady state while the type in which the above parameters change
with time is called the transient state. The coupled set of governing equations in ANSYS FLUENT
is discretized in time for both of the flow state calculations. In steady state analysis, it is assumed
that the time continues to pass until a steady state solution is reached. On the other hand, in
transient analysis, explicit and implicit time schemes are available to obtain the flow parameters
with respect to tire.
These can be explained using the secant approach used for steady state solution and the
tangent approach used for transient solution as illustrated in Figure 3.16. Secant solution method
satisfies the velocity function at the beginning of the steady state. On the other hand, tangent
solution marches with the velocity function at many points. Hence in transient analysis, an
assigned number of iterations are performed per each time step to obtain a converged solution
before proceeding to the next timestep. This is computationally expensive in terms of both the
memory requirement and computer run time.
In the current study, the hydrodynamic pressure on the tire for a given velocity is of interest.
Therefore, the transient solution (The solution at a time t) is an intermediate state which is not
required in obtaining results. Additionally, using steady Reynolds averaged Navier Stokes
equations would statistically average the unsteady turbulent quantities in the flow and provide the
mean flow. This is computationally less expensive than using the transient solution which would
require more computational time and resources. Thus, checking the steady RANS results with
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experimental results is a reasonable first step. Most researchers have also used the steady state
flow in addressing the hydroplaning phenomenon [41] [42] [1].

Figure 3.16 (a) Secant Solution approach (b) Tangent Solution approach
3.4.7.2 Solver Algorithms
Two basic solver algorithms are available in ANSYS FLUENT, namely the density based
coupled solver (DBCS) and pressure based segregated solver. The current study used the latter. It
solves the governing equations for conservation of mass, momentum, and other scalars in a
sequential manner. This algorithm has proven to be robust and versatile [43]. To compute the face
values of pressure, the pressure staggering option called PRESTO is used. It uses the discrete
continuity balance for a staggered control volume around the face to compute the face pressure
[36]. From the five available pressure velocity coupling algorithms available in FLUENT, the
pressure implicit with splitting of operators (PISO) is used for the current research. PISO algorithm
performs neighbor correction and skewness correction, which are additional corrections performed
to improve the efficiency of calculation and thus, it stands out from other available algorithms such
as SIMPLE and SIMPLEC.
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3.4.7.3 Solution Convergence
The solution is said to converge when the residual errors reduce to a specified acceptable
value and the monitored points of interest have reached a steady solution. Therefore, for the current
problem the normalized unscaled residuals were set to drop by 10-3 to make sure global imbalances
are less than 0.1%. The pressure on the tire surface has been monitored until it stabilizes without
further fluctuations and reach a steady state.
One major factor that affects the solution convergence is the developed mesh.
Incorporating a quadrilateral structural mesh helped in achieving convergence faster. Additionally,
for the boundary conditions, the turbulence specification method used were intensity and viscosity
ratio, with values of 3% and 8 respectively. The solution method used for the calculation of
momentum, turbulent kinetic energy and turbulent dissipation rate were second order upwind for
the k-epsilon model. But in the k-omega model, to achieve convergence, the above quantities had
to be changed to first order upwind. Under relaxation factors in solution methods were adjusted
slightly which was also helpful in the convergence process.
3.4.8 Summary
This chapter has provided the development of a numerical model of a smooth tire sliding
on a flooded pavement. The fundamentals and the theoretical concepts used to analyze the fluid
flow in ANSYS FLUENT have been described in detail. The use of alternative turbulence models
in the software and the reasons for using two of them for the current research problem have also
been described. The model development and mesh configuration have been illustrated with figures.
The FLUENT setup along with the algorithms and solution methods used to address this problem
have also been presented.
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Chapter 4 Results and Discussion

This chapter presents the results obtained from the numerical simulations and the
calculations performed during the process. Before the development of the model, the necessity to
use the correct hydrodynamics underneath the tire was investigated. After the model development,
as the first step, the Reynolds number underneath the tire has been calculated based on the friction
velocity to get an idea of the flow turbulence range and to find out if the mesh density underneath
the tire is sufficiently fine. After fine tuning the model with this check, the model has been verified
against the well-known NASA equation. Two separate models for each turbulence model, k-omega
and k-epsilon, have been used for the verification. For each model, three cases with different tirepavement contact patch areas were considered and the averaged solutions have been used in the
comparison. Thus, the effect of the tire patch area can be eliminated.
In the next part of the chapter, the results obtained from the above two turbulence models
for different water film thicknesses have been presented. The amount of water getting stagnated at
the front of the tire and on either sides have been quantified. The implementation of a global
conservation verification was needed to ensure if the calculated amounts of water actually pass
through. Calculations performed toward this using the Bernoulli Equation have been shown. In
addition, the post processing results of water stagnation at the front of tire, side flow, pressure
contours and other illustrations have also been presented.
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4.1 Linkage Between Velocities and Pressures
The necessity for using the correct hydrodynamics underneath the tire has been
investigated before the model development. From the literature review it was noticed that previous
researchers have used a practical approach in modeling the hydroplaning phenomenon. But the
problem should also be analyzed from a theoretical aspect for an accurate representation. This is
because, the lift on the tire at incipient hydroplaning is created by the hydrodynamic pressure
exerted by the fluid layer. At the same time, this pressure serves to modify or regulate the level of
turbulence. If turbulent effects are not captured and resolved properly, the predicted velocities
would be inaccurate and hence the uplift pressure that the numerical solution predicts would be
flawed.
The link between the velocities and the pressure can be shown from the Poisson Equation.
In fluid dynamics, the basic equations being solved are the continuity equation (Eqn. (3.2)) and
momentum equations (Eqns. (3.3) -(3.5)). These four equations are solved for four variables which
are the velocity components in each direction in three-dimensional space. Solving for the pressure
becomes tedious since all four equations do not carry a pressure term. Instead, the momentum
equations contain pressure gradient terms. Therefore, the numerical solution methods use the
Poisson Equation in order to solve for the pressure as shown below.
Taking partial derivative of Eqns. (3.3) -(3.5) with respect to each direction (x, y and z in cartesian
space) result in the following.
𝜕 𝜕𝑢
𝜕2 𝑢
(
)
+
𝑢
𝜕𝑥 𝜕𝑡
𝜕𝑥 2

𝜕𝑢 2

+ (𝜕𝑥 ) + 𝑣

𝜕2 𝑢
𝜕𝑥𝜕𝑦

𝜕𝑣 𝜕𝑢

+ 𝜕𝑥 𝜕𝑦 + 𝑤

𝜕2 𝑢
𝜕𝑥𝜕𝑧

𝜕𝑤 𝜕𝑢
𝜕𝑧

+ 𝜕𝑥

1 𝜕2 𝑃

𝜕3 𝑢

𝜕3 𝑢

𝜕3 𝑢

= − 𝜌 𝜕𝑥 2 + 𝑉 (𝜕𝑥 3 + 𝜕𝑥𝜕𝑦2 + 𝜕𝑥𝜕𝑧2 ) 4.1
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𝜕𝑤 2

1 𝜕2 𝑃

𝜕3 𝑤

𝜕3 𝑤
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𝜕3 𝑤
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𝜕𝑧 3

4.3

Then, a single equation can be obtained by adding the above three equations. Terms on the lefthand side (L.H.S) of the resulting equation is as follows.
𝜕

𝜕𝑢

𝜕𝑣

L. H. S = 𝜕𝑡 ( 𝜕𝑡 + 𝜕𝑡 +
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𝜕𝑤 𝜕𝑣
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But from the conservation of mass (Eqn. 3.2) it can be seen that 𝜕𝑡 + 𝜕𝑡 +

𝜕𝑤
))
𝜕𝑧

𝜕𝑤
𝜕𝑡

= 0. Therefore L.H.S

gets further simplified to the following.
𝜕𝑢 2

𝜕𝑣 2

𝜕𝑤 2

𝜕𝑣 𝜕𝑢

𝜕𝑤 𝜕𝑢

𝜕𝑤 𝜕𝑣

L. H. S = (𝜕𝑥 ) + (𝜕𝑦) + ( 𝜕𝑧 ) + 2 𝜕𝑥 𝜕𝑦 + 2 𝜕𝑥 𝜕𝑧 + 2 𝜕𝑦 𝜕𝑧

Terms on the right-hand side (R.H.S) of the resulting equation is as follows.
1 𝜕2 𝑃

𝜕2 𝑃

𝜕2 𝑃

𝜕2

𝜕𝑢

𝜕𝑣

𝜕2

𝜕𝑤

𝜕𝑢

𝜕𝑣

𝜕𝑤

𝜕2

𝜕𝑢

𝜕𝑣

𝜕𝑤

R. H. S = − 𝜌 (𝜕𝑥2 + 𝜕𝑦2 + 𝜕𝑧2 ) + 𝑉 (𝜕𝑥 2 (𝜕𝑥 + 𝜕𝑦 + 𝜕𝑧 ) + 𝜕𝑦2 (𝜕𝑥 + 𝜕𝑦 + 𝜕𝑧 ) + 𝜕𝑧2 (𝜕𝑥 + 𝜕𝑦 + 𝜕𝑧 ))
After applying the conservation of mass, the above expression gets reduced to the following.
1 𝜕2 𝑃

𝜕2 𝑃

𝜕2 𝑃

R. H. S = − 𝜌 (𝜕𝑥2 + 𝜕𝑦2 + 𝜕𝑧2 )
Therefore, the final equation obtained from adding Eqns. (4.1) -(4.3) is shown in Eqn. (4.4).
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4.4
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This can also be expressed succinctly by Eqn. (4.5).
𝑓= −

∇2 𝑃
𝜌

4.5

where f is the force function and ∇2 𝑃 is the Laplacian of pressure. From this equation, the pressure
term can be easily isolated by performing numerical integration. From this relationship, it can be
clearly seen that for the numerical algorithm to predict the pressure accurately, the forcing function
including the velocity components in each direction should be precise. Therefore, appropriate
modeling of the hydrodynamics under the tire, including turbulence, is crucial for accurate pressure
calculation which would provide the lift force at incipient hydroplaning.
4.2 Calculation of the Reynolds Number of the flow under the tire
Since the pavement and the inlet velocities are the same in the developed model, no boundary layer
is developed at the pavement and inlet water interface. However, turbulence develops in the form
of splash at the front of the tire and the tire-water interface underneath due to the shear exerted by
the stationary tire on the sliding water film. Since each water parcel spends little time underneath
the tire, the shearing effect could be insignificant. Nevertheless, knowledge of the Reynolds
number is critical for the accurate simulation of the flow behavior. The ensuing calculation has
been performed for a flow velocity of 60 km/h.
Bulk velocity (m/s)

= 16.67

Gap between pavement and tire bottom (mm)

= 0.5

Water density at 20 ℃ (kg/m3)

= 998.2

Kinematic viscosity at 20 ℃ (m2/s)

= 10-6

Bulk Reynolds Number

=

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ×𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

= 8335
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Calculation of the Reynolds number based on the friction velocity would help to create a better
picture of flow regime subjected to shear. Friction velocity, also known as shear velocity can be
used to describe shear-related motion in fluids. The velocity gradient within the gap needed for the
above calculation was obtained from the numerical results.
Shear stress (𝜏)

= dynamic viscosity x gradient of velocity
= 9.982 x 10-4 x 166700
= 166.4 Pa

Friction Velocity

𝜏

= √𝜌
= (166.4/998.2)0.5
= 0.41 m/s

Reynolds Number based on friction velocity (Re) =

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ×𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

= (0.41 x 0.5 x 10-3) / 10-6
= 205
The above Re number does indicate low turbulence under the tire. The above result also justifies
the mesh sensitivity analysis in the zone under the tire described in section 3.4.6.2. Change of the
hydrodynamic pressure with mesh refinement at the tire bottom has been investigated as illustrated
in Figure 3.14 to ascertain that a sufficient number of elements have been used in the model to
capture the effect of turbulence.
4.3 Verification of the Developed Model
As described in literature review, the NASA equation (Eqn. 2.1) is an experimentally obtained
equation that is empirical in nature. The above equation is being widely used in both numerical
and experimental development of hydroplaning-related research work. Therefore, first, the
developed model was verified against Eqn. 2.1.
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The simulations were carried out for many assumed inlet water velocities and the resulting surface
integrals of hydrodynamic pressures were evaluated on each tire surface. It should be noted that
more than one surface was created when the tire geometry was approximated using several linear
segments as described in section 3.4.2. Since each linear segment’s vertical inclination is known,
the vertical lift force component acting on each of them can be found from the pressure
distributions obtained from the simulation. Summation of the vertical lift force components
provides the total hydrodynamic uplift force. Hydroplaning is assumed to occur when the tire load
is equal to the total hydrodynamic force. Hence the tire load that corresponds to the assumed
velocity that would allow hydroplaning to develop can be found. Then, knowing the tire patch
area, the above load can be converted to a tire inflation pressure. The hydroplaning speed vs tire
inflation pressure results obtained for NASA verification using the k-epsilon model and the komega model for three different tire-pavement contact areas are in Figures 4.1 and 4.2.
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Figure 4.1 Results from the developed model using k epsilon model for three different
patch areas
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Figure 4.2 Results from the developed model using k omega model for three different
patch areas

It can be seen from Figure 4.1 and 4.2 that predicted tire inflation pressure causing hydroplaning
for each assumed velocity does not change significantly due to changes in the tire patch area. When
the load on the tire changes, the corresponding tire-pavement contact patch area also changes due
to the changing tire deflection. The averaged plots from the three cases of patch areas used in
Figures 4.1 and 4.2 are illustrated in Figure 4.3 with the NASA equation. However, the results in
Figures 4.1 and 4.2 demonstrate that the NASA relationship for a water film thickness of 7.62 mm
is not quite sensitive to varying tire deflections.
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Figure 4.3 Comparison of averaged solutions with NASA equation

4.4 Comparison with Other Popular Hydroplaning Models for a Range of Water Film
Thicknesses
Hydroplaning speed also depends on the water film layer present on the pavement in addition to
tire pressure. Therefore, the developed model’s performance has been compared with established
empirical and numerical models for a range of water film thicknesses. The TXDOT equation (Eqn.
2.2), PAVDRN equation (Eqn. 2.4 and Eqn. 2.5) and USF equation (Eqn. 2.6) have been chosen
as the empirical models and the equation obtained from the numerical model developed by Ong
(2006) [1] (Eqn. 2.9) has been used as the numerical model in the comparison. Both k-epsilon and
k-omega models performances with respect to the above models have been investigated. It should
be noted that for each water film thickness considered, simulations have been carried out to three
different tire patch areas as in section 4.3 and the averages have been used for the comparison.
Figure 4.4 shows the model comparisons.
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Figure 4.4 Comparison of the developed model with existing empirical and numerical
models for a range of water film thicknesses

It can be seen from Figure 4.4 that PAVDRN and TXDOT tend to predict the same
hydroplaning speeds for film thicknesses greater than 2.4 mm. The predictions of the author’s
model based on both turbulence models lie between the predictions of the USF equation and Ong’s
numerical model.
The hydroplaning speed vs inflation pressure relationship, which was checked for a water film
thickness of 7.62 mm against the NASA equation as a verification step can also be used for model
comparison with equations used in Figure 4.4 since tire inflation pressure has been identified as
the predominant factor contributing to hydroplaning.
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Figure 4.5 Comparison of the developed model with existing empirical and numerical
models for a range of tire inflation pressures
As seen in Figure 4.5, the NASA equation, numerical model results by Ong [1] and the simulated
results from the proposed model have a similar trend while PAVDRN and TXDOT equations
deviate from that trend significantly. It has been noted by researchers [17] that the TXDOT
equation developed by Gallaway et al [15] could not predict the NASA hydroplaning equation due
to the conservative constants it uses. Furthermore, PAVDRN equation is also based on the work
done by Gallaway et al [15].
4.5 Implementation of a Global Conservative Statement
Figures 4.6 – 4.8 show the water flow around the tire in the forms of side flow and splash. The
below post processing results obtained from the numerical analysis show that a portion of water
gets stagnated at the front of the tire while the rest gets deviated to sides of the tire. It should be
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noted that the requirement for a 3D simulation of hydroplaning problem is satisfied due to this side
flow which a 2D representation cannot illustrate.

Figure 4.6 Stagnation of water at the front of the tire

Figure 4.7 Stagnation of water at the front of tire viewed from top (plan view)
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Figure 4.8 Stagnation of water at the front of tire viewed from front

In order to evaluate the percentages of water stagnating and diverting, the mass flow rates through
various boundaries were found from the model results. The data obtained are provided in Table
4.1.
Table 4.1 Mass flow rate of water through boundaries in the model
Boundary condition

Mass flow rate (kg/s)

Velocity Inlet - water

29.04643

Side

-28.87285

Outlet

-0.1841498

Top

0

Percentage Conserved

99.96%
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As seen in Table 4.1, 99.4% of water gets deviated to sides of the tire. An analysis can be done to
check if this much of water should be expected as side flow and also if the mechanics behind the
hydroplaning problem has been accurately captured by the model by implementing a global
conservation statement like the Bernoulli Equation.
Two points in a streamline can be considered for the above analysis. As shown in Figure 4.9, point
1 is located at the water inlet where the velocity and pressure values are known while point 2 is
located immediately in front of the tire. Point 2 should essentially be a stagnation point with almost
no velocity bearing the highest pressure in the domain. Bernoulli’s equation (Eqn. 4.6) can be used
to check if it predicts the stagnation point velocity accurately.
1

P + 2 𝜌𝑉 2 + 𝜌𝑔ℎ = Constant

4.6

where P is the fluid pressure, 𝜌 is the fluid density, V is the fluid flow velocity, g is the
gravitational acceleration and h is the elevation above a reference plane. It should be noted that
this equation is valid for points lying on a streamline in a fluid with constant density under steady
state flow. Friction losses due to viscous forces are neglected.
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Figure 4.9 Two points in a streamline for the Bernoulli Equation

The pressures predicted by the numerical solution are gauge pressures and they have been
converted to absolute pressures for use in Equation 4.6. Figure 4.10 illustrates the pressure
contours in the domain. The analysis has been performed for a velocity of 110 km/h (30.56 m/s)
assuming a constant elevation.
1

1

P1 + 2 ρV12 + ρgh1 = P2 + 2 ρV22 + ρgh2
V2 = √V12 −

2(P2 − P1 )
ρ

V2 = √(30.56)2 −

2(566900 − 102300)
998.2

V2 = 1.68 m/s
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Figure 4.10 Pressure contours with high pressure at the front of the tire

It can be seen that the velocity predicted from Bernoulli Equation is significantly small
justifying that the model has predicted the stagnation point accurately. Overall, it can be concluded
that the physics behind the problem has been effectively captured by the developed model.
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Chapter 5 Conclusions

This chapter presents the conclusions that can be drawn from the results obtained throughout the
research. In addition, the future work that can be conducted are also discussed here.
5.1 Conclusions
This research aimed to identify the relevant hydrodynamics and specifically the impact of
turbulence on vehicle hydroplaning. Hence, the focus was directed on developing a
computationally less expensive numerical model of a smooth tire sliding over a flooded pavement
using ANSYS FLUENT without incorporating irrelevant structural details.
The mechanism that links fluid pressure to hydrodynamics in numerical solution methods
was explored and it was found out that unless the hydrodynamic effects are accurately captured,
the resulting pressure distribution would provide an inaccurate uplift force and hence the
hydroplaning speed prediction would be erroneous. Therefore, when considering a turbulent flow
regime in a numerical hydroplaning study, special consideration must be given to the zones with
critical flow transitions in terms of the appropriate mesh density to obtain an accurate final
solution. This was verified in the completed study using a mesh sensitivity analysis carried out
under the tire.
Adopting a generalized methodology that requires modest computational demand was
another need that was investigated during the modeling exercise. The developed model was
formulated in a way that did not require a starting pressure and a load which essentially simplified
the problem. Nevertheless, the hydroplaning speeds showed a reasonably good agreement with
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both well-established NASA equation and a previous numerical model that used fluid-structure
interaction to investigate the effects of two important parameters; tire inflation pressure and water
film thickness on hydroplaning. Results obtained from alternative turbulence models suggested
that k-omega model performs slightly better than the k-epsilon model. This is because unlike in
the latter model, the former model considers the turbulent effects in the viscous sub layer without
generating new unknowns.
The model behavior under varying loads was investigated by means of different tire patch
areas. From the results, it was concluded that the model can incorporate varying tire loads
reasonably well. In reality, with the changes of the vertical load, the tire produces a corresponding
change in the tire footprint area such that the tire inflation pressure remains approximately
constant. The model results corroborate this observation through its agreement with the NASA
equation.
Furthermore, streamlines of water flow and pressure contours obtained from the simulation
illustrated the path of water flow and the critical pressure zones in the domain. Subsequent global
conservation analysis verified that the hydrodynamics of this problem have been captured properly
by the model. Overall, the proposed model with the focus on the correct representation of the
hydrodynamics of the flow, exhibits a reasonable ability to simulate the hydroplaning
phenomenon.
5.2 Recommendations for Further Research
The effects of the tire tread pattern on hydroplaning can be explored by incorporating the
tire texture to the current model. This can be done by changing the tire surface geometry in the
developed model. Tires with different tread patterns can also be used in the model to determine
whether some patterns have reduced risks than others with respect to hydroplaning.
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Using the uplift pressures predicted by the model, the corresponding deflections of the tire
can be computed using the available tire stiffness data. Therefore, the necessity for structural
coupling can be explored based on the magnitude of the above results.
The current two-phase (air and water) volume of fluid model can also be changed to a
mixture model to observe if it would have a significant impact on simulating the air-water
boundary.
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